Here we report on the 18W-13a strain of Aurantiochytrium sp., which accumulates very high amounts of squalene. The squalene contents and production at 4 d of culture were 198 mg/g and 1:29 AE 0:13 g/L, respectively, exceptionally high values compared to previous reports.
Squalene, a polyunsaturated triterpenic hydrocarbon (C 30 H 50 ), is a key precursor for the biosynthesis of cholesterol, bile acids, and steroids in plants and animals. 1) Squalene is currently used in the cosmetic industry as a moisturising agent and an emollient because it serves as a natural antioxidant that protects cells from free radicals and reactive oxygen species.
2) Its use also extends to the food sector. Squalene also attracts much attention in the medical and pharmaceutical sectors because many studies have demonstrated that it is an effective inhibitor of chemically induced colon, lung, and skin tumorigenesis, [3] [4] [5] [6] [7] a bactericidal and antifungal agent, 1) an effective agent that can markedly increase cellular and non-specific immune functions, 8) and an agent that can decrease serum cholesterol levels. 9) Furthermore, it has been found to have radioprotective 10) and cardioprotective effects.
11)
Since 1997, over 22 million of squalene-containing flu vaccines have been administered in view of its enhancement of the immune response.
12)
The major commercial source of squalene is the liver oil of deep-sea sharks. 13) But the availability of squalene is uncertain because of international concern regarding protection of marine wildlife. 14) Plant sources are under investigation but are not desirable for squalene production because of their own limitations, which include low squalene contents of approximately 1-61 mg/g, 15) and the effects of local and seasonal variations in crop production. 16) Although yeasts have been investigated for squalene production, the contents are very low in general (<0:43 mg/g), 17, 18) except for Pseudozyma sp., with a squalene content of 70.32 mg/g. 19) The thraustochytrid Aurantiochytrium, a heterotrophic protist assigned to Stramenopile together with Heterokontophyta, has been investigated for squalene production, but it accumulated small amounts squalene (only 0.1-0.38 mg/g). [20] [21] [22] [23] Thus, the squalene contents of plants, yeasts and thraustochytrids are of the order on only 0.04-7% of dry weight. This suggests that it is hard to achieve mass production of squalene by cultivation without identifying organisms and strains with much higher content of squalene.
The 18W-13a strain of thraustochytrids was isolated from a mangrove area of Okinawa Prefecture, Japan, and cultured in the GPY medium consisting of 50% sea water, 2% glucose, 1% proteose-peptone, and 0.5% yeast extract. Cells of the strain were spherical in shape at 5-18 mm in diameter (Fig. 1a) . Non-polar lipids were detected as fluorescent yellow particles in the cells stained with nile red dye (Fig. 1b) . The strain was assigned to the genus Aurantiochytrium based on its 18S rDNA sequence (accession no. AB636147), 24) which was deposited in International Patent Depository, National Institute of Advanced Industrial Science and Technology, Japan (acceptance no. FERM AP-22047).
After inoculation of the strain, culture bottles were set in a temperature-controlled reciprocal shaker and the strains were cultured at 25 C at a shaking speed of 100 rpm for 12 d. Cells were harvested by centrifugation at 5,000 rpm at 4 C for 20 min, and were lyophilized. Lipids were extracted from the lyophilized cells (1.0 g dry weight) with a chloroform/methanol (2:1, v/v) mixture. The lipid content was 23% of the dry weight of the cells. The extracted lipids were composed of 72% hydrocarbon, 13% triglyceride, and 15% polar lipids.
The extracted lipids were dissolved in chloroform and applied to a silica gel (spherical silica gel 60; Wako Pure Chemicals) column, which was prepared with chloroform. Neutral lipids, including squalene, were eluted in the chloroform fraction. The neutral lipid fraction was re-dissolved in n-hexane after evaporation. The nhexane solution of the neutral lipid fraction was applied to a silica gel column prepared with n-hexane. Hydrocarbons, including squalene and non-polar carotenoids, were eluted with n-hexane and n-hexane containing 10% chloroform. The neutral lipid fractions were examined by silica gel TLC with a n-hexane/chloroform (9:1, v/v) mixture as a solvent. After development, the lipids on the TLC plate were visualized by spraying with 20% y To whom correspondence should be addressed. Fax: +81-29-853-6614; E-mail: makoto@sakura.cc.tsukuba.ac.jp sulphuric acid and heating. The hydrocarbon purified by TLC was subjected to time-of-flight mass spectrometry (TOF-MS) (Agilent, USA, 6224 TOF/LCMS) for confirming the molecular formula. The ½M þ H þ ion was observed at m=z 411.3987. The exact mass value was in good agreement with the formula C 30 H 51 ½M þ H (calculated for C 30 H 51 , m=z 411.3985, Á 0.2 mmu). The molecular formula obtained, C 30 H 50 , was the same as that of squalene. The nuclear magnetic resonance, 1 H-(500 MHz) and 13 C-(125 MHz) NMR spectroscopy (JEOL, ECA-500) spectrum of the isolated squalene was also acquired to confirm the structure. When strain 18W-13a was grown in GPY medium at 25 C at a shaking speed of 100 rpm, the cells reached the early stationary phase on day 3 after inoculation. The exponential phase continued until the algal biomass reached a value of 4 g of dry weight/L. The doubling time in the exponential phase was estimated to be 4 h. The maximum biomass value was 6:5 AE 0:3 g/L on day 4 (Fig. 2) . After this maximum, the biomass value decreased gradually until day 12, when it was 5:2 AE 0:5 g/L ( Table 1 ). The squalene content of the cells was determined on day 4, day 8, and day 12 after inoculation by weighing and by gas chromatography-flame ionization detection (GC-FID) using an external standard (squalene as the standard material, obtained from Wako Pure Chemicals). The squalene content and production were 198 mg/g and 1:29 AE 0:13 g/L on day 4, respectively, and then decreased slightly to day 12 ( Table 1 ).
The squalene production of this strain was 3.8 times higher than that of Pseudozyma sp., with a maximum value of 0.34 g/L on day 4. 19) We anticipate that the 18W-13a strain can be used as an alternative source instead of deep-sea sharks for the commercial production of squalene for cosmetics, health foods, and pharmaceuticals. Cells were grown in GPY medium (2% glucose) at 25 C. 
